Atomic force microscopy has emerged as a powerful tool for characterizing single biological macromolecules, macromolecular assemblies, and whole cells in aqueous buffer, in real time, and at molecular-scale spatial and force resolution. Many of the central elements of intracellular transport are tens to hundreds of nanometers in size and highly dynamic. Thus, atomic force microscopy provides a valuable means of addressing questions of structure and mechanism in intracellular transport. We begin this review of recent efforts to apply atomic force microscopy to problems in intracellular transport by discussing the technical principles behind atomic force microscopy. We then turn to three specific areas in which atomic force microscopy has been applied to problems with direct implications for intracellular trafficking: cytoskeletal structure and dynamics, vesicular transport, and receptorligand interactions. In each case, we discuss studies which use both intact cellular elements and reconstituted models. While many technical challenges remain, these studies point to several areas where atomic force microscopy can be used to provide valuable insight into intracellular transport at exquisite spatial and energetic resolution.
Clearly, these questions require tools which allow one to probe the structure and physical chemistry of a cell under conditions which are both biologically relevant and easily manipulated. Atomic force microscopy (AFM) is emerging as one such technique. AFM enables imaging and mechanical interrogation of single molecules and macromolecular complexes under near-physiological conditions. Less than two decades after its invention, AFM has begun to contribute to the characterization of systems of biological macromolecules, ranging from single molecules to intact cells.
Here, we review the use of AFM in the study of intracellular trafficking. We begin by briefly discussing the technical aspects of the method, including the components of the instrument, common modes of operation, and how it complements traditional forms of microscopy. We then focus on three central problems in intracellular transport in which there has been particularly intense effort to apply AFM: cytoskeletal structure and dynamics, vesicular transport, and receptorligand interactions. While we clearly do not present an exhaustive review of the application of AFM to problems in cell biology, these selected examples should help illustrate some of the insights AFM can provide into the molecular and submolecular details of the machinery of intracellular trafficking.
Principles and Modes of Operation

Instrumentation
The central measurement in atomic force microscopy is the interaction force between a sample surface and a probe (tip) affixed to a weak spring cantilever ( Figure 1 ). These cantilevers are typically microfabricated from silicon or silicon nitride and measure between several microns and hundreds of microns in length. The size of the tip apex, which may range from a few nanometers (carbon nanotube tips) to tens of microns (colloidal particles), places fundamental limits on the imaging resolution and plays a dominant role in determining the tip-sample interaction force. The sample is mounted on a piezoelectric ceramic scanner that enables sample movement in the lateral (x,y) and vertical (z) directions. In some instruments, the cantilever is completely stationary during an AFM experiment; all movement is made by the sample via control of the scanner (Figure 2A ). AFM has also been combined with optical microscopy into a single instrument; here, in order to provide an optical path, the cantilever is mounted
Imaging
There are two canonical classes of AFM experiments: imaging and force spectroscopy. The two most commonly used modalities for imaging are contact mode and tapping mode. In contact mode ( Figure 3A ), the tip is brought into a light but stable contact with the sample, which is then rasterscanned in the x-y plane relative to the cantilever. In this regime, contrast originates from van der Waals repulsion, which dominates the tip-sample interaction force. Topographic variations along the surface lead to deflections of the cantilever; these deflections are monitored by a laser beam which reflects off the back of the cantilever onto a position sensor. Since the cantilever behaves as a linear spring, the deflection is proportional to the interaction force, where the constant of proportionality is the spring constant. Typical spring constants for contact mode AFM cantilevers fall in the range 0.01-1 N/m, allowing the measurement of forces on the order of piconewtons (10 ª12 N). By feeding the signals from this photodiode back to the piezo scanner, the sample's vertical position may be adjusted during the scan so as to maintain a constant deflection (imaging force). Thus, the In tapping mode ( Figure 3B ), the cantilever is actively vibrated at around its resonance frequency (typically several kHz to hundreds of kHz) using a piezoelectric actuator. The tip-sample separation distance is set such that the cantilever lightly taps the surface at the lowest point of its oscillation. Here, instead of static deflections, interactions with the sample lead to changes in the amplitude of oscillation of the cantilever. As with contact mode, these changes are measured by a reflected laser beam and fed back to the piezoelectric scanner, which adjusts in z to maintain a constant amplitude. Again, the scanner trace yields the topography of the surface. Because the tip does not maintain constant contact with the surface, tapping mode has also been called 'intermittent contact mode.' There are at least two other important imaging modes in which the cantilever is oscillated. In noncontact (attractive) mode, the tip is vibrated at lower amplitude and senses topography primarily through the influence of noncontact forces that predominate above the sample (1) . In magnetic alternating current imaging, the cantilever is magnetically coated and its vibration is driven by an applied, oscillating magnetic field instead of a piezoelectric device (2) .
Perhaps the greatest advantage of tapping mode over contact mode is that it minimizes potentially destructive shear and adhesive forces on the sample, a particularly valuable property when imaging cells or biological macromolecules. One disadvantage is that conventional cantilevers tend to have low or poorly defined resonances in aqueous solution, making high-resolution tapping mode imaging a technical challenge. While in principle tapping mode tends to minimize tip-sample interaction forces, in practice, contact mode often provides higher resolution for a given application.
Several other sources of imaging contrast besides topography have been exploited. As a particularly simple example, the error signal (deflection or amplitude) is often useful, particularly in samples in which edges and other topographic gradients are of interest. In tapping mode, the difference in phase of oscillation between the motor driving the cantilever and the cantilever itself may be used as a basis for contrast. These phase differences have been interpreted in terms of energy dissipation by the cantilever and correlated with the viscoelastic properties of the sample (3) and electrostatic interactions between tip and sample (4). In lateral or friction force microscopy (LFM), the torsion of the cantilever is monitored as it scans across the surface, revealing regions of frictional contrast. While we do not review them extensively here, these nontraditional imaging modes are expected to play an increasingly important role in the characterization of biological surfaces by AFM.
Force spectroscopy
In force spectroscopy, the sample is cycled vertically (in z) with respect to the tip while the lateral (x,y) position is fixed. The cantilever deflection is then measured as a function of The sample is mounted on a piezoelectric scanner which enables sample manipulation in x, y, and z. The z-position of the cantilever is monitored by a laser beam which reflects onto a position sensor. This position signal is continuously fed back to the scanner, which adjusts to maintain a constant cantilever static deflection (contact mode) or amplitude (tapping mode). The scanner trace thus yields the topography signal. (B) Schematic of a combined AFM/optical microscope. A number of modifications are needed to permit optical access. First, the sample is held stationary and the cantilever is scanned. Second, the sample and substrate must be translucent. Finally, the presence of the scanner in the optical path means that the light source must often be placed out of line with the sample and objective, although this may be overcome by placing a mirrored surface on the scanner (not shown).
piezo scanner (sample) z-position ( Figure 4 ). The data describing deflection vs. sample position, or force curve, may be readily converted to a curve of force vs. tip-sample separation distance which reveals the dominant physical forces between the tip and sample. The portion of the curve in which the probe approaches the sample reveals information about long-and medium-ranged forces such as electrostatic and steric exclusion forces. The portion in which the tip and sample deform one another reflects sample elasticity, and the portion of the curve in which the sample retracts from the tip illustrates tip-sample adhesion and unbinding forces (5) . Perhaps most effort in force spectroscopy in biological systems has been directed towards characterizing receptorligand interactions, including measurements of binding specificity and strength. Since specific receptor-ligand interactions lie at the heart of virtually all intracellular trafficking and signal transduction pathways, we pay special attention to these studies in this review.
Two emerging areas of force spectroscopy are force mapping and single-molecule stretching. In force mapping, force curves are obtained in an array covering many points on a surface. Each curve is then analyzed to reveal some property of interest, leading to a two-dimensional 'map' of that prop-
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Traffic 2001; 2: 746-756 erty (5). In single-molecule stretching experiments, an individual macromolecule is tethered between the tip and surface. As the tip is pulled away from the surface, the macromolecule is stretched and, if it is a protein, unfolded. Each unfolding event produces a characteristic sawtooth-like feature in the force curve, corresponding to unfolding of different domains of the protein. Since the mechanical unfolding of titin was reported in 1997 (6) , this method has been applied to many natural and synthetic proteins and extended to polysaccharides (7) and nucleic acids (8) . We refer the reader to an excellent review of these experiments (9).
Comparison to other microscopies
The most striking differences between AFM and more traditional types of microscopy lie in three areas: origin and degree of contrast, resolution, and sample preparation. In light and electron microscopy (EM), contrast is based on the ability of a sample to scatter radiation (i.e. a beam of light or electrons). Contrast in AFM originates from forces experienced by the probe as it is scanned across the surface, and may consist of several components (e.g. electrostatics, van der Waals). The degree of contrast is also significantly higher in AFM. While EM has atomic resolution and therefore possesses sufficient power to resolve single biological macroProbing Intracellular Trafficking by AFM At large separation distances, the cantilever and sample do not interact and there is zero deflection. 2) As the sample approaches the tip, the tip deflects; a soft sample (such as a living cell) will likely deform. 3) Further approach leads to greater cantilever deflection and sample deformation. 4) As the tip retracts, the sample adheres to the tip, causing the cantilever to under-deflect. This adhesion results from a complex combination of nonspecific (e.g. electrostatics, van der Waals interactions) and specific (receptor-ligand interactions) forces. When the tip and sample separate, the cycle is completed. Note this schematic illustration of a force curve is rather simplistic. For highly complex samples and tip chemistries, one observes a rich variety of fine structure which results from several superimposed types of tipsample interaction forces. The approach and retract curves in the noncontact region (1) are slightly separated for clarity.
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molecules, contrast is in general poor without the addition of enhancing agents. By comparison, it is routine to image single, unstained protein and nucleic acid molecules by AFM with excellent contrast. Next, because of diffraction effects, the lateral resolution of traditional far-field light microscopy is fundamentally limited to approximately half the wavelength of the imaging radiation. In AFM, images are not produced by diffraction; instead, lateral (x-y) resolution limits are set by the probe size, cantilever z-sensitivity, and sample properties and typically fall within 0.2-50 nm. Vertical (z) resolution limits are instrumental in origin and typically lie around 0.01 nm. Methods have been developed to sharpen tips beyond the abilities of microfabrication. Electron beam deposition may be used to construct tips with end-radii of 5-10 nm ( Figure 1C ) (10, 11) . This limit may be pushed even further by affixing a carbon nanotube to the tip ( Figure 1D ) (12, 13) . A final distinguishing feature relates to sample preparation. For biological samples, EM typically requires fixation and staining or cryogenic preparation and imaging under vacuum. Conversely, AFM typically requires no staining, and sample preparation is often accomplished simply by physically adsorbing the sample onto a substrate. AFM therefore combines resolution that approaches EM with sample preparation features that more closely resemble light microscopy, with contrast better than both. With a sample chamber that is accessible for buffer exchange over the course of an experiment, these powerful properties allow one to conduct studies in which soluble factors (ions, ATP, regulatory proteins, pharmacological agents) are introduced to the sample and dynamics are monitored in real time.
AFM carries clear limitations relative to traditional microscopies, as well. First, unlike light microscopy, AFM is a surface characterization technique that cannot directly visualize the interior of a cell. Second, even at its fastest, AFM image acquisition is markedly slower than light microscopy. Third, the scanning process can be invasive, and the imaging forces may damage the sample. Finally, the sample must be immobilized onto a surface, and this may either damage the sample or significantly alter its properties. For these and other reasons, instruments that combine AFM with a second imaging modality have become increasingly widely used. Perhaps the best example of this is combined AFM and light microscopy. Using hybrid instruments, this approach has been taken to concurrently visualize intracellular structures with AFM and fluorescence microscopy (14) . Some of these studies are discussed in more detail later in the review.
Cytoskeletal Structure and Dynamics
Understanding the structure and function of cytoskeletal polymers is of direct relevance to intracellular transport. First, transport vesicles utilize the cytoskeleton for directional transport, often through kinesin and other motor proteins (15) . Second, the cytoskeleton is critical to the maintenance of cell polarity, which in turn supports directional transport of solutes (16) . Third, the cytoskeleton is absolutely critical to cell mo-tility and cytokinesis (17) . Given that the substructural features of these cytoskeletal elements are typically on the order of nanometers, and given the interest in correlating cytoskeletal architecture in cells with external mechanical stimuli, the AFM is well suited to address structural and mechanical questions about the cytoskeleton. We first consider studies with isolated cytoskeletal filaments before moving on to studies performed in the context of whole cells.
Purified cytoskeletal filaments
The three major classes of cytoskeletal polymers, actin, microtubules, and intermediate filaments, have all been successfully imaged in vitro by AFM. Of these three, microtubules (MTs) have received the most attention in the published literature ( Figure 5A ). Despite the presence of several estab- Figure  5B ) (25) . They obtained images of ribbon-and raft-like structures containing several single actin filaments each. The images also clearly show the right-handed helicity of the filaments and a well-defined intrahelical repeat of 35-40 nm, both in excellent agreement with EM. One finding not previously seen by EM was 'branching' junctions in which single filaments formed bridges between two actin rafts. These bridges may help account for the high viscoelasticity of pure, dilute actin gels. Later, Shao et al. presented images of actin paracrystals adsorbed to cationic lipid bilayers (23) . This study provided further insight into the packing of actin filaments within rafts, and provides a foundation for AFM characterization of complexes of actin and actin binding proteins.
Intermediate filaments (IF's) are the least well studied of the three types of cytoskeletal fibers by AFM. Neurofilaments (NFs) provide an example of the application of AFM imaging and force spectroscopy to IF's ( Figure 5C ). NFs are the primary cytoskeletal components of large, myelinated neurons. Through interfilament interactions mediated by their C-terminal 'sidearm' domains, NFs form an ordered intracellular framework which helps maintain neuronal polarity and patency. The structure of the sidearms and thus the origin of interfilament interactions remains controversial. While imaging native NFs purified from bovine spinal cord, Brown and Hoh observed 100-200-nm-wide zones surrounding the backbone of each NF from which contaminants in the preparation were excluded (26) . Using direct force measurements, they also found that the NFs generate a long-range repulsive force that persists in the presence of high salt concentration. They interpreted these findings to mean that the sidearm domains are unstructured polypeptides that generate long-range repulsion through thermally driven motion and steric exclusion. This suggests that NFs function by acting as aligned, mutually repulsive, cylindrical 'springs' in the neuron, a hypothesis supported by analysis and simulation of NF distributions from whole neurons (Kumar S, Yin X, Trapp BD, Paulaitis ME, Hoh JH, unpublished data). This approach has also recently been extended to microtubule-associated proteins, which are believed to contribute to microtubule spacing through a similar mechanism (27) . AFM has also been used to characterize the structural and mechanical properties of 
Cytoskeletal filaments in situ and cell mechanics
The ability of AFM to image samples in aqueous environments and without fixation or staining has been exploited to interrogate living cells and measure changes in cytoskeletal structure and mechanics. The pioneering work of Henderson and colleagues demonstrated that the actin cytoskeleton and subcellular organelles may be imaged without apparent harm to the cell ( Figure 5D ) (29) . The first of these studies used AFM to image a meshlike network in the cell, demonstrating that this was the actin cytoskeleton by correlating it with fluorescence signals from rhodamine-phalloidin stained cells. A later study focused specifically on glial cells, demonstrating that the AFM tip could be used to mechanically manipulate glia and even sever glial processes without killing the cells (30) . It also pushed the limits of resolution for subcellular structures, presenting images of the nucleus and mitochondria. Additional studies have examined cytoskeletal dynamics. In one such study (31) , the authors used time-lapse imaging to observe extension and withdrawal of lamellipodia, changes in cell shape, and vesicle-like structures traveling along cytoskeletal fibers. Perhaps most strikingly, the authors observed ripple-like cytoskeletal rearrangements propagating both radially outward from the nucleus and around the edge of the cell.
In addition to its importance in trafficking, the cytoskeleton also forms the structural framework which determines cell shape and mechanical properties. Therefore, using AFM to examine cell mechanics can provide insight into cytoskeletal properties. There are many published attempts to use both force curves and spatially resolved force mapping to extract cellular elasticity (32) . The recent work of Radmacher and colleagues combines AFM imaging, fluorescence microscopy, and elasticity mapping. Two reports focused on stress fibers and the formation of lamellipodial extensions. The first showed that relative to stably adhered regions of the cell, the active edges of migrating fibroblasts showed greater height fluctuations and higher elasticity with time (33) . A more recent study examined the effect of cytoskeletal drugs on cell mechanics. Addition of actin-targeted drugs (cytochalasins B and D and latrunculin A) softened the cell and caused disruption of stress fibers, whereas microtubule targeted drugs (colchicine, colcemide, taxol) produced no morphological or mechanical changes (34) . These results illustrate that AFM can be used both to manipulate cells nondestructively and to record cytoskeletal dynamics in real time. Future studies should continue to sharpen spatial and force resolution as well as the biochemical specificity of perturbations and measurements.
Vesicular Transport
The interaction of a transport vesicle with its target membrane is thought to proceed through an orderly series of events that includes docking, membrane apposition, and ultimately fusion. In many cases, fusion is triggered by discrete events of short time scale such as intracellular calcium release (35) . Thus, there is significant interest in learning about vesicle structure at different stages of fusion as well as structural changes induced by soluble effectors. While much valuable insight into the molecular structure of these vesicles has been gained from EM (36) , mechanical properties and dynamics are not directly accessible. Here, AFM has yielded new insight, complementing the contributions of established technologies. We again divide AFM studies in this area into two groups: studies with reconstituted systems, and studies with intact biological vesicles.
Reconstituted vesicle systems
Much effort has been devoted to using AFM to study vesicles reconstituted from phospholipids. The underlying paradigm is that reconstituted lipid vesicles serve as well-understood and readily manipulated models of cellular transport vesicles. In one of the first AFM studies of lipid vesicles in buffer, phosphatidylcholine/cholesterol vesicles presenting human IgG were adsorbed onto a gold surface coated with antihuman IgG (37) . Contact-mode AFM imaging revealed a heterogeneous surface coated with 80-120-nm-high protrusions interpreted to be individual vesicles. A key finding to emerge from this work was that the lateral resolution of vesicles depends strongly on tip-vesicle contact pressure and lateral shear force, which in turn depends on imaging force and probe dimensions. This complication presents a central technical challenge to AFM imaging of vesicles. In a later study, biotinylated vesicles were adsorbed to an avidin-coated mica surface (38) . This study further defined the relationship between imaging forces and observed vesicle morphology and also showed that with increasing vesicle biotinylation, the vesicles may be induced to spread, flatten, and ultimately rupture.
Other studies have focused on characterizing both vesicle substructure and interactions between vesicles. For example, two recent reports presented images of adsorbed, flattened vesicles containing central protrusions. In the first, these structures were detected as transient intermediates in the formation of planar supported bilayers (39) . In the second, they were found adsorbed to planar supported bilayers, suggesting that such structures might form during the early stages of vesicle-bilayer fusion (40) . The latter study used elasticity mapping to show that the adsorbed vesicles were substantially softer than the underlying bilayer, and also showed the characteristic flat contact interface formed by coadsorbed vesicles, a structural feature previously appreciated only by EM ( Figure 6A) . Finally, several studies have addressed the mechanism of formation of supported lipid bilayers from the adsorption of small unilamellar vesicles (41) (42) (43) .
Intact biological vesicles
The properties of biological transport vesicles are less well understood than those of reconstituted vesicles, and the literature of AFM studies of these systems is more limited. Nonetheless, several important strides have been made towards using AFM to characterize these vesicles. In one early report, the authors performed contact mode imaging on cholinergic synaptic vesicles isolated from Torpedo californica in air and in buffer (44) . In addition to providing valuable proof of principle, this study also showed that one could induce and measure height changes in the vesicles by changing the osmolarity of the solution. Another group performed force spectroscopy and mapping on these vesicles ( Figure  6B ) (45) . Here, the authors showed that the centers of the vesicles were considerably stiffer than their peripheries, and that this center stiffness increases with calcium concentration. EM had already established the presence of 'electrondense' features at the center of these vesicles, and biochemical studies had established that the centers are proteoglycan-rich. Based on this finding, the authors hypothesized that the calcium binds and cross-links these proteoglycans, producing a stiff, centrally located network.
In addition to simple changes in ionic strength and calcium concentration, vesicular shape changes in response to nucleoside triphosphates have also been studied (46) . Here, the authors used zymogen granules (ZGs), secretory vesicles which fuse with the plasma membrane in a GTP-dependent manner. When GTP was added in situ to ZGs, the authors observed a 15-25% increase in vesicle height. The authors then hypothesized that the GTP triggers activation of ion channels through heterotrimeric G-proteins.
Receptor-Ligand Interactions
Vesicle docking and fusion in vivo require the presence of specific receptor-ligand interactions. Indeed, protein trafficking, antigen processing and presentation, and virtually all other processes of intracellular transport depend on the recognition of ligands by their receptors. The AFM is capable of measuring forces on the piconewton scale, a property that has been exploited to examine receptor-ligand interactions. Molecular recognition is also increasingly being explored as a mechanism of imaging contrast. The vast majority of work in this area has addressed interactions between purified and reconstituted binding partners; an emerging body of literature attempts to extend the application of AFM to measure and characterize these interactions in the context of whole cells.
Pure component receptor-ligand systems
A wide range of receptor-ligand pairs have been studied by AFM. The first studies focused on very high-affinity interactions, particularly that between biotin and avidin (47) (48) (49) . Typically, streptavidin is anchored to the AFM tip, often by pretreating the tip with biotinylated bovine serum albumin (BSA-biotin). Correspondingly, the substrate is coated with biotin, often as BSA-biotin or by adsorbing biotinylated agarose beads. One then obtains and analyzes force curves. Upon tip-sample approach, the tip and surface bind one another through biotin-avidin recognition. When the tip is re- (45) . This elasticity map was acquired by taking an array of force curves over the surface, analyzing each curve to obtain the local elastic modulus, and mapping the resulting values (bar is 250 nm). In this map, lighter values correspond to areas of low elasticity (stiffness). Each circular region is a single vesicle; the dark vesicular centers imply that the core is stiffer than the periphery (reproduced with permission, C 1997, Biophysical Society).
tracted, it detaches from the surface in a series of discrete jumps, each corresponding to breakage of one or more biotin-avidin contacts ( Figure 7A ). Soluble binding inhibitors are often used to demonstrate binding specificity; if the measured adhesion is indeed due to receptor-ligand interactions, addition of an inhibitor to the AFM sample chamber should significantly reduce the binding frequency. The total jump-off force is expected to consist of an integral multiple of the single-pair rupture force. Therefore, by constructing a histogram of rupture forces and determining its period, the single-pair unbinding force may be obtained (50) .
As understanding and interpretation of these experiments has improved, attention has shifted away from these model systems to a wide variety of binding partners. Antigen-antibody interactions have served as a particular point of interest. By probing a human serum antigen (HSA)-covered surface with an anti-HSA-functionalized tip, Hinterdorfer and coworkers spatially mapped the location of single surfacebound HSA molecules through adhesion measurements (51). Ros and colleagues used a similar approach to study the effect of point mutations on the binding affinity of fluorescein to the variable region of its cognate antibody (52) . Other examples of receptor-ligand pairs under study include ferritin/antiferritin (53), P-selectin/ligand (54) and cadherin/ cadherin (55) ( Figure 7B ). While AFM is clearly a useful tool for detecting the presence of bonds and changes in binding strength, the measured force and energy of bond breakage depend strongly on the rate at which the bond is loaded, as well as a host of other complicating factors (56) . Thus, great care must be taken in extracting thermodynamic parameters of bonds from AFM measurements. Willemsen et al. provide an extensive overview of AFM binding studies in which they address such issues and describe many of the other receptor-ligand systems under study (57) . (58) . Here, the authors used gold-thiol chemistry to functionalize AFM tips with concavalin A (conA), a lectin which recognizes mannose residues on the yeast cell wall. They then obtained force curves on yeast cells under buffer. While they were unable to spatially resolve the distribution of receptors, they did measure 100-500 pN adhesive forces over cells that could be abolished by adding free mannose. Later work with the conA system showed that chemical crosslinking of the receptors produced marked increases in unbinding forces to an extent that is consistent with cooperative binding (59) . Another effort from Lehenkari and Horton (60) took this approach to map integrin distributions on osteoclasts using AFM tips modified with various Arg-Gly-Asp (RGD)-containing peptides. This study showed that RGD-integrin binding depends on a highly specific manner on the peptide context in which the RGD tripeptide is presented, confirming long-standing results from solution assays. A long-term technological goal of receptor-ligand measurements on cells is to develop nondestructive methods for cell identification and sorting. An excellent example of such a study used AFM to type red blood cells (61) . The authors probed a mixed monolayer of type-A and O blood cells using a lectin which binds the glycolipids on type-A erythrocytes. Using force mapping, the authors successfully discriminated between the two cell types based on forces of adhesion.
Conclusions and Future Directions
AFM has already demonstrated its utility as a way of acquiring high-resolution images and force measurements of bio- logical structures in a near-native environment. In some cases, this rapidly growing body of work has served to verify long-standing results from traditional methods; in others, it has uncovered novel phenomena that provide new insight. This is certainly true in areas relevant to intracellular transport. Here, we have reviewed recent efforts to apply AFM to the study of intracellular trafficking, with a particular focus on cytoskeletal structure and dynamics, vesicular transport, and receptor-ligand interactions. It should be clear that while AFM holds enormous potential to contribute in these areas, much room for improvement remains. First, more effort will likely be devoted to improving the integration of AFM with other techniques, particularly light microscopy. Efforts to combine the power of single molecule fluorescence with single molecule force spectroscopy are particularly exciting. Second, there is ongoing work aimed at developing increasingly versatile and sophisticated tools for the analysis of AFM images and force curves. Third, in terms of improving cantilever performance, much attention continues to be paid to the microfabrication of smaller cantilevers with much higher resonance frequencies (62, 63) . Much effort has also been put into establishing robust and efficient methods of chemical functionalization of tips. Fourth, improvements in instrumental design are proceeding rapidly. There is a particularly intense focus on developing instruments with faster and
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Traffic 2001; 2: 746-756 more convenient sample transfer and exchange of solutes, with a long-term emphasis on automation. Finally, to fully harness its potential in the biological sciences, more extensive efforts are needed to train life scientists in the theory, practice, and data analysis of AFM. As these areas continue to be addressed, AFM should become more widely used to directly investigate cells and subcellular elements. These efforts will help narrow the gap between our knowledge of the identities of the molecules that drive cell biological phenomena and the physical forces that govern their actions.
